Chemically active fire suppressants may, due to their properties or the means by which they are added to flames, have strong inhibition effects in particular locations in a flame. To study the spatial effects of chemically active inhibitors, numerical experiments are conducted in which the rates of reactions of model inhibitors are varied in spatial regions defined by temperature. The influence of three types of spatial regions are investigated, those with the inhibitor (1) active only within a narrow temperature band (offon-off), (2) active below a cutoff temperature (on-off), and (3) active above a cutoff temperature (off-on). The effect of several localized chemical perturbations on the burning velocity are studied, including the variation of the H ‫ם‬ O 2 } OH ‫ם‬ O or the CO ‫ם‬ OH } CO 2 ‫ם‬ H reaction rate and catalytic scavenging of radicals by an idealized perfect inhibitor or by CF 3 Br (halon 1301). The results indicate that the flame speed is reduced most when the perturbation location corresponds to the regions of maximum radical volume fraction or maximum chain-branching reaction rates. Each of the chemical perturbations has a negligible effect below 1200 K. Calculations for CF 3 Br-inhibited flames indicate a temperature of maximum influence that is higher than previous suggestions for Br-based inhibitors. Calculations for flames with the H ‫ם‬ O 2 rate perturbed or with addition of the perfect inhibitor indicate that the important region for flame inhibition in lean, rich, and stoichiometric flames corresponds to the position of the peak H-atom volume fraction. The results of this work demonstrate that the burning velocity is sensitive to inhibition over a relatively small spatial region of the flame. Simulations with stepwise activation and deactivation of an inhibitor show that the effect of the inhibitor is small when the activation or deactivation temperature is below 1700 K.
Introduction
To facilitate analysis, premixed flames are commonly divided into various zones or regions [1] [2] [3] [4] . Understanding the effect of reactions proceeding in different zones of a premixed flame can provide insight into flame structure relevant to flame inhibition. Analysis of the flame zone most sensitive to chemical or thermal inhibition has been an active area of flame inhibition research for many years [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, many researchers have claimed that the important region of action of halogenated agents is the low-temperature region of the flame [6-8, 11, 15-17] .
In addition to providing insight into the mechanism of existing flame inhibitors, numerical simulations of flames using complex kinetics and model inhibitors allow simulations of inhibitors which have not yet been discovered or synthesized and can provide information useful in the search for new approaches to fire suppression. To study the spatial effects, we perturb the reaction rates of selected chemical reactions in a region that can be defined * Current address: Cleaire Advanced Emission Controls, 14775 Wicks Blvd., San Leandro, CA 94577-6779, USA.
by temperature, species concentration, time, or space. For example, by varying the region in which inhibition occurs, we can simulate an inhibitor that is effective in a certain temperature range (e.g., inhibiting molecules formed from a precursor which is stable only below a certain temperature). Such simulations can aid in the search for new fire suppressants by allowing researchers to ask exploratory questions about new compounds, even with limited information about the kinetics.
In this paper, we use this technique to investigate flame inhibition, with inhibitor concentrations less than those typically used to suppress fires. Although we do not directly address fire suppression, the magnitude of the burning velocity reduction used here is adequate for demonstrating the technique and gaining insight into flame behavior under these conditions. To this end, we examine numerically the response of premixed flames to several types of perturbation. The effect of the perturbation on the overall reaction rate is assessed through evaluating changes in laminar flame speed. We analyze the effects of perturbations of two shapes: impulsive and stepwise. As the source of the perturbation, we use (1) addition of CF 3 Br (halon 1301), (2) addition of a perfect inhibitor, (3) variation of the rate of chain branching, and (4) variation of the heat release rate from CO oxidation.
Numerical Technique
A reacting system is perturbed by modifying selected reaction rates in a region or regions (also called ''bands''). The band can be defined by a range of temperature, time, space, or species concentration. The perturbation can affect a single reaction (for example, H ‫ם‬ O 2 } OH ‫ם‬ O), a class of reactions (for example, CO 2 formation reactions), or a portion of a chemical mechanism (for example, reactions involving Br-containing species in a mechanism for CF 3 Br inhibition). In this way, we use model inhibitors to simulate physical behaviors (such as agent phase change) which may limit the chemical action of inhibitor to certain regions of the flame.
For bands defined by temperature, a perturbation factor B i is defined for the selected group of reactions as
where T is the gas temperature, T b is the temperature at the low edge of the band, and D is the size of the band. Fig. 1a illustrates the band shape for this example. The reaction rates of the selected reactions are multiplied by B i , and the rest of the reactions are not directly disturbed (i.e., B i ‫ס‬ 1). To study different types of perturbation, the band depth (the magnitude of B i ), width (D), and shape (the variation of B i with T ) can be varied. For study of flame inhibition, the pertinent reactions are turned off outside the band (B i ‫ס‬ 0) and turned on inside the band (B i ‫ס‬ 1), as illustrated in Fig. 1b . For modeling of activation or deactivation of an inhibitor a forwardfacing or backward-facing step function is used; here, the inhibition reactions are turned off (or on) below a certain temperature and turned on (or off) above that temperature, as shown in Fig. 1c and d . In practice, the band is smoothed at the edges to avoid numerical convergence problems caused by infinite gradients. 
Flame Modeling Approach
The Sandia flame code PREMIX [18] , with the kinetic [19] and transport [20] subroutines, is used to simulate the freely propagating premixed flame. (Note: Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment are necessarily the best available for the intended use.) The CHEMKIN subroutine CKRAT is modified to accommodate the chemical behavior of the model inhibitors. Part of the postprocessing is performed using a graphical postprocessor [21] . For all calculations, the initial reactant temperature is 300 K and the pressure is 0.10133 MPa. The ''GRAD'' parameter is set to 0.15, and ''CURV'' is set to 0.35 for all of the calculations, except those involving CF 3 Br, where higher values of GRAD (0.35) and CURV (0.55) are used to reduce the calculation time. The former values of GRAD and CURV yield 90-125 active grid points in the calculation, and the latter, 65 grid points. As discussed in Ref. [22] , the calculated burning velocity is estimated to be reduced about 6% for an infinite number of grid points. In order to keep the large number of calculations in the present work tractable, we accept this small error, which is believed to be unimportant for the investigations presented here.
The kinetic and thermodynamic data of GRI-MECH 1.2 [23] (32 species and 177 chemical reactions) serve as a basis for describing the methane combustion, except when the inhibitor is CF 3 Br. In that case, the mechanism of Babushok et al. [24] describes the C 1 /C 2 hydrocarbon chemistry and the halogen chemistry (70 species and 595 reactions) (note that Ref. [24] also provides experimental verification of the CF 3 Br mechanism).
The perfect inhibitor model [25] represents an upper limit to the catalytic action of an inhibitor. The model assumes that the inhibitor-containing species In and InX (in which X is a flame radical H, O, or OH), react with radicals at gas-kinetic rates. For example, In ‫ם‬ H ⇒ InH, followed by InH ‫ם‬ OH ⇒ In ‫ם‬ H 2 O. All reactions are bimolecular, with an activation energy and temperature exponent of 0 and a pre-exponential factor of 1 ‫ן‬ 10 14 cm 3
•s•mol
‫1מ‬
; the transport properties of Ar are used for the species In and InX. The perfect inhibitor species are present at low concentrations, so their contribution to the energy balance is small; also, since the reactions for these species are listed as forward rates, the choice of thermodynamic properties for these species does not affect their reaction rates. The perfect inhibitor reactions [25] are combined with those of GRI-MECH 1.2. Since the perfect inhibitor mechanism is a theoretical construct, it can not be experimentally verified. Nonetheless, it has been compared with the experimental results for inhibition by the very powerful flame inhibitor Fe(CO) 5 and found to give burning velocity reductions reasonably close to that agent [25] .
A stoichiometric, freely propagating premixed CH 4 by a perfect inhibitor [25] , to investigate the maximum inhibition effect 4. Inhibition by CF 3 Br, because it is used as a benchmark in flame inhibition studies The band width of 300 K was selected after conducting extensive numerical experiments with different band widths ranging from 50 to 2000 K. The results consistently showed that the location of maximum inhibition was independent of the width of the band. The minimum burning velocity decreased as the band became wider, but the band-center temperature of minimum burning velocity remained nearly constant for the perturbation considered. The choice of a 300 K bandwidth was made as a compromise between having too little effect (a 100 K band only decreased burning velocity by 15%) and being too wide to provide insight into the inhibition mechanisms.
Selected input parameters and calculated results for the flames simulated in this paper are listed in Table 1 . For the H ‫ם‬ O 2 and CO ‫ם‬ OH perturbation, the reaction of interest is unaffected outside the band (B i ‫ס‬ 1) and damped inside the band (B i ‫ס‬ 0.45 for H ‫ם‬ O 2 , B i ‫ס‬ 0.1 for CO ‫ם‬ OH). Thus, the reduction in heat release for the CO ‫ם‬ OH reaction is achieved through a reduction in the rate of this reaction within the band. For the perfect inhibitor, reactions involving the perfect inhibitor are turned off outside the band (B i ‫ס‬ 0) and turned on inside the band (B i ‫ס‬ 1). The volume fraction of the perfect inhibitor in the unburned gas is 4.0 ‫ן‬ 10
‫5מ‬
, which results in a flame speed (S L ) of 27 cm/s when the inhibitor is active throughout the flame (note that S L ‫ס‬ 41 cm/s for the uninhibited flame).
For inhibition by CF 3 Br, the reactant stream consists of a stoichiometric mixture of methane and air and a volume fraction of added CF 3 Br of 0.0755, resulting in a one-third reduction in flame speed (to 26.4 cm/s) when the inhibitor is active throughout the flame. While the amount of inhibitor which produces a one-third reduction of flame speed is less than that typically used to suppress fires, this perturbation to the flame is adequate for demonstrating the region of greatest influence. Ideally, when simulating the model inhibitors, the reactions involving Br-and F-containing species would be turned on (B i ‫ס‬ 1) in the band and turned off outside the band (B i ‫ס‬ 0). Because of convergence problems compounded by the size of the mechanism, we use B i ‫ס‬ 10 ‫4מ‬ for the halogen chemistry outside the band. Figure 2 shows the response of the flame to each of the perturbations. (Note that the kinks in some of the curves of Fig. 2 , as well as Fig. 4 and Fig. 6 , are caused by a somewhat coarse progression of calculated band-center temperatures and are not present if a finer series of calculations are made.) The reduction in flame speed for H ‫ם‬ O 2 and CO ‫ם‬ OH can only be compared qualitatively to results for the perfect inhibitor and CF 3 Br, because of the different value of B i in the bands. The minimum flame speed occurs at a band-center temperature (T c ) of 1750 K for CF 3 Br, 1800 K for H ‫ם‬ O 2 , 1850 K for CO ‫ם‬ OH, and 1950 K for the perfect inhibitor. Using reaction flux analyses, it is possible to infer that perturbations at these temperatures would most strongly affect the burning velocity of the flames. For H ‫ם‬ O 2 and CO ‫ם‬ OH, these temperatures correspond to the maximum reaction rate of the affected reaction (as shown in Fig. 3) . Similarly, for the perfect inhibitor, the temperature is near the temperature corresponding to the peak volume fractions of O, H, and OH (as shown in Fig. 2) .
Results and Discussion
The difference in location of peak effectiveness of CF 3 Br versus the perfect inhibitor is caused by the shift of the partial equilibrium of the scavenging reactions. For CF 3 Br at higher temperature, the equilibrium for the inhibition reaction H ‫ם‬ HBr } H 2 ‫ם‬ Br shifts to the left [9] , reducing the effectiveness.
In earlier studies of inhibition of premixed flames by CH 3 Br, CF 3 Br, and HBr, it was argued that the primary inhibition occurs upstream of the main reaction zone. Wilson [7] and Wilson et al. [8] investigated inhibition of low-pressure (5.1 kPa) methane/oxygen flames inhibited by CH 3 Br and HBr. Based on flame structure measurements and calculations, they suggested that inhibition occurred through reduction of radical generation in the ''preignition'' part of the flame. In a numerical modeling study, Westbrook [17] argued that HBr has its maximum effect in a temperature range between about 1000 and 1400 K, where the reaction of H atom with HBr competes with its reaction with CH 4 or O 2 . In more recent work, Williams and Fleming [16] also describe CF 3 Br as reducing H-atom concentrations significantly in the lower temperature regions of the flame (Ͻ1200 K); nonetheless, their data do show that the largest absolute reduction in the H-atom volume fraction occurs near 1700 K [16] . Casias and McKinnon [15] also contend that reactions in the low-temperature region are of highest importance for inhibition by CF 3 Br, although the conditions of their calculated flames (ethylene/air with 1% CF 3 Br) are somewhat different. While our results also show that some of the inhibition effect of HBr and CF 3 Br occurs upstream of the locations of the maximum rates for the chain-branching and heatrelease reactions, the most sensitive temperature region that we obtain (1600-1900 K) is somewhat higher than argued in these earlier papers. Figure 4 shows the effect of chain-branching perturbation (D ‫ס‬ 300 K) on normalized flame speed for three equivalence ratios: lean ( ‫ס‬ 0.7), stoichiometric ( ‫ס‬ 1.0), and rich ( ‫ס‬ 1.3). Table 1 lists calculated maximum temperature and flame speed for uninhibited flames at each equivalence ratio. The normalized flame speed is defined as the ratio of the flame speed of a band-inhibited flame to the flame speed of the corresponding uninhibited flame. The temperature of minimum flame speed of the different flames follows the relative position peak of the H-atom volume fraction (see Fig. 5a ). The temperature range of maximum influence varies with , however, because the final temperature of the flame changes with (see Table 1 ).
The flame speeds for stoichiometric, rich, and lean flames inhibited by the perfect inhibitor are shown in Fig. 6 . The initial volume fraction of perfect inhibitor used for the calculations is the amount needed for a one-third reduction of flame speed (with the inhibiting reactions active throughout the flame) from the uninhibited condition (see Table 1 ). The value of one-third reduction was selected because it is commonly used in flame inhibition studies; it is a compromise between too little inhibition to show much effect, and too much, for which a real flame would not exist. For band inhibition at the three values of , the perfect inhibitor shows flame speed reductions qualitatively similar to the results for H ‫ם‬ O 2 suppression (as indicated in Table 1 ): the temperature range for maximum effect is lowest for the lean flame and is higher for stoichiometric and rich flames, which are nearly the same. The ordering follows that of the peak radical volume fractions that are shown in Figs. 5a-c . The calculations generally demonstrate that inhibition in only a small portion of the flame is responsible for most of the inhibitory effect. For example, as shown in Fig. 6 , if the inhibiting reactions in the lean flame are turned on between 1500 and 1800 K (T c ‫ס‬ 1650 K), the reduction in flame speed is 65% as much as when the inhibiting reactions occur over the entire flame domain (equivalent results for stoichiometric and rich flames are 72% and 82%). (Fig. 1c) or deactivation (Fig. 1d) A general result of the calculations presented here for the perfect inhibitor is that perturbation near the region of high radical volume fraction has the strongest effect on flame speed. In other words, removing H atoms from the high-temperature region before they can diffuse upstream has the strongest effect on flame speed because inhibition reactions are faster in regions of high radical volume fraction and high temperature. The results for CF 3 Br, however, show that the shift of the partial equilibrium at high temperature for certain reactions can influence the region of maximum influence of the agent.
Potentially effective new fire suppressants may involve an agent that is inert and non-toxic at storage temperature and releases an effective fire suppressant via decomposition or evaporation when added to a fire [26] . For example, the commonly used agent NaHCO 3 decomposes at a certain temperature [27] to release the active scavenging species into the gas phase. To simulate such a system, we use a step function (as opposed to the impulse function in the previous section). The shape of the B i function is illustrated in Fig. 1c . Below the ''activation temperature'' the inhibition reactions are turned off, and above the activation temperature the inhibition reactions are turned on. For ease of calculation, we use the perfect inhibitor model (with inhibitor volume fraction of 4.0 ‫ן‬ 10 ‫5מ‬ ). The curve labeled ''activation'' in Fig. 7 shows the flame speed resulting from inhibitor activation at different temperatures between 300 and 2200 K. The flame speed is fairly constant up to about 1700 K, but then starts to increase. The location of the increase coincides with the peak radical concentration. As the activation occurs later in the flame, the inhibitor has less time to scavenge radicals.
Another interesting situation is an active inhibitor that decomposes at a certain temperature and loses its inhibition power. In practice, this might occur due to formation of a condensed-phase species. For example, with Fe(CO) 5 inhibition, the active gasphase species are lost because of condensation to particles at some point in the flame [28] . Since the particle formation appears to be related to the residence time, the deactivation might occur over a range of temperatures. We simulate the stepwise deactivation with a band in which the B i function (illustrated in Fig. 1d ) is a mirror image of the previous example. Above the ''deactivation'' temperature the inhibition reactions are turned off, and below the deactivation temperature the inhibition reactions are turned on. As in the stepwise activation calculations, the effect of the inhibitor is more or less constant until about 1700 K. The very small reduction in flame speed when the inhibitor is active between 300 and 1700 K reaffirms the importance of the hightemperature reactions. The most important region for the perfect inhibitor is above 1700 K for a strong effect on the flame speed; hence, particle formation for Fe(CO) 5 inhibition must be retarded until after the active species have reached the region of about 1700 K.
Conclusion
Premixed flame inhibition has been examined using model inhibitors with reaction rates spatially varied in the flame. The results indicate that for agents which catalytically recombine radicals, the flame speed of a stoichiometric CH 4 /air premixed flame is most reduced when the perturbation is near the region of maximum radical volume fraction or the region of maximum rates of the radical scavenging reactions, depending upon the kinetic mechanism of the particular inhibitor. Calculations for CF 3 Br-inhibited flames demonstrate a temperature of maximum influence near 1750 K, which is significantly higher than previously suggested. The perturbations have a negligible effect in the region of the flame temperature below 1200 K.
For flames of varying equivalence ratio, ‫ס‬ 0.7-1.3, perturbation of the H ‫ם‬ O 2 } OH ‫ם‬ O reaction rate or addition of the perfect inhibitor have a maximum burning velocity reduction in a temperature region which follows the relative position of the peak H-atom volume fraction. The calculations show that inhibition in a relatively small portion of the flame can cause a significant reduction in flame speed. In some cases, inhibition in a band spanning only 300 K causes nearly as much reduction in flame speed as when the inhibiting reactions are turned on everywhere.
Sudden activation and deactivation of the perfect inhibitor are simulated in a stoichiometric flame. In both cases, the effect of the inhibitor is small when the activation or deactivation temperature is above or below 1700 K, respectively. Hence, new inhibitors that may be developed need not become active until near 1700 K and must not lose their effectiveness until about 2150 K if they are to retain their maximum potential effectiveness.
The results suggest that while the properties of an actual chemical inhibitor which scavenges radicals may cause it to act in a particular region of the flame (perhaps the lower temperature region), the most effective inhibition would result if the agent can act in the regions of high radical volume fraction and flux of the peak chain-branching reaction. It is important to note that these conclusions might be different for other fuels, inhibitors, or flame types.
